INTRODUCTION
The genes encoding histones, the major proteinaceous constituents of the eukaryotic chromatin, have been extensively used as models in animals and yeast for understanding the molecular mechanisms of cell cycle-regulated gene expression (reviewed in 1-3). More recently, similar studies based on both structural and functional approaches developed on plant histone genes have led to the identification of cis-elements responsible for the specific activity of histone gene promoters in plant meristems. Interestingly, the sequences of the cis-elements are conserved among the plant histone gene classes and in various plant species, while they are rather class-and species-specific in the animal kingdom. The set of plant histone-specific cis-elements consists of a highly conserved plant histone-specific octameric sequence CGCGGATC (OCT), followed 10-30 bp downstream by a hexamer CCGTCC and 8-10 bp further downstream by a nonameric element of consensus sequence CC/AATC-CAACG (NON) (4) . Additionally, a CCAAT box-like motif and one or two copies of a degenerate octamer differing by 1 nt from the highly conserved sequence are often present in the region surrounding the above-cited elements. Some promoters are characterized by the presence of a particular form of the octamer, the highly conserved sequence being associated in a reverse orientation with an additional non-specific motif, the hexamer ACGTCA (HEX) (5) .
In all the plant histone gene promoters, the full complement of cis-elements were found closely associated within a rather short region (120-200 bp) whose chromatin structure displayed increased accessibility to nucleases in cycling cells, suggesting that structural modifications are induced upon transcriptional activation (6) . Deletion studies demonstrated that these small promoter regions were sufficient to drive meristem-and S phase-specific GUS expression in transgenic plants (7, 8) and cell suspensions (9, 10) . In vivo footprinting experiments revealed a bimodular organization of the promoters with a proximal cell division-specific set of interactions occuring over the nonameric and the CCGTCC elements, whereas the other elements displayed more or less constitutive DNA-protein interactions, irrespective of the proliferative state of the cells (11) . By in vitro footprinting experiments, the nonamer was shown to bind multiple and as yet unidentified wheat and tobacco nuclear proteins (12, 13) . The ACGTCA hexamer was shown to bind the leucine zipper transcription factors HBP-1a and b (14) , which have been well characterized but whose function in histone gene regulation is not yet clear. Functional studies of the activity of mutagenized histone promoters in transgenic plants have shown that all the motifs described above behaved as positive regulatory elements (8, 15, 16) , some of them, the nonamer and the hexamer CCGTCC, proving essential for meristem-specific expression (16) .
The respective importance of these different motifs in the regulation of gene expression during the cell cycle is at the moment less well documented. Indeed, until recently, the study of cell cycle-regulated gene expression in plants suffered from the lack of a suitable cell synchronization system. Recently, the highly synchronizable tobacco BY2 (TBY2) cell suspension described in Nagata et al. (17) has been used to study histone gene expression during the different phases of the cell cycle (18, 19) . As expected for genes encoding proteins whose function consists of packaging the newly synthesized DNA into chromatin, maximal mRNA accumulation was found in S phase. From expression studies of a histone promoter-reporter gene construct, it appeared that this S phase-specific expression resulted mainly from transcriptional regulation (10) . However, it has been suggested that post-transcriptional mechanisms might also play a role in regulating histone gene expression at some particular stage of the cell cycle (19, 20) .
In order to establish an overall picture of the mechanisms coupling histone gene expression to DNA replication in plants, we investigated H3 and H4 histone gene expression at different levels: transcription, mRNA accumulation and protein synthesis in BY2 cells throughout the cell cycle and in the presence of various inhibitors of DNA synthesis. We show that induction of histone gene expression at the G1/S transition occurs essentially at the transcriptional level and is coupled with the initiation of DNA replication, but independent of the rate of DNA elongation. In contrast, synthesis of the histone proteins is strictly coupled to the DNA synthesis rate by the means of post-transcriptional, possibly translational, regulatory mechanisms. At the end of the S phase, both transcriptional and post-transcriptional mechanisms act in concert to induce a rapid decay of histone transcripts. Interestingly, in vivo analysis of DNA-protein interactions at the level of a H3 histone gene promoter at various stages of the cell cycle failed to reveal significant changes upon cyclic gene transcriptional activation, thus suggesting that gene activation at the G1/S transition results from structural or chemical modification of a factor(s) bound to the promoter throughout the cell cycle, rather than from the establishment of new interactions with S phase-specific factors.
MATERIALS AND METHODS

DDBJ/EMBL/GenBank database accession no. Y14195
Plant material
A tobacco BY2 (Nicotiana tabacum L. cv. Bright Yellow 2) cell suspension was maintained by weekly subculture and synchronized by a 24 h subculture of stationary phase cells in a medium containing aphidicolin, followed by extensive washes, as previously described (17) . DNA synthesis and mitotic index were measured as described (19) . Cell viability was estimated by fluorescence microscopy analysis after fluorodiacetate (FDA, 50 µg/ml) staining. Tobacco leaves were collected from 7-week-old greenhouse grown plants (cv. Petite Havana SR1).
Nucleic acid analysis
Isolation and blotting of total RNAs was performed as previously described (19) . Hybridization was under standard high stringency conditions with random primed 32 P-labelled H3 or H4 histone coding regions from Arabidopsis thaliana (21) . For run-on transcription, nuclei were prepared from 50 ml cell suspension according to Cox and Goldberg (22) and purified on 76% Percoll/2 M sucrose gradients. 10 7 nuclei were incubated for 10 min at 30_C in 400 µl buffer [25 mM Tris-HCl, pH 8.5, 6.5 mM MgCl 2 , 25% glycerol, 0.1 M (NH 4 ) 2 SO 4 ] in the presence of 0.5 mM ATP, GTP and CTP, 80 U RNasin and 120 µCi [α-32 P]UTP, then successively treated with DNase (200 U) and proteinase K. The transcripts were purified by phenol extraction and hybridized to Southern blots of restricted plasmids (10 6 c.p.m./cm 2 ). Hybridization was performed for 36 h at 48_C in 10% formamide, 6× SSC, 5% Denhardt's, 1% SDS, 50 µg/ml Escherichoia coli tRNA. Washes were in 2× SSC, 0.1% SDS for 45 min at 65_C. Radioactive signals were quantified using a PhosphorImager (Molecular Dynamics).
Protein analysis
Protein in vivo labelling was performed by a 2 h incubation at 27_C of 5 ml cell suspension with 50 µCi [ 35 S]methionine. Total proteins were extracted by grinding frozen cells and sonicating in buffer (50 mM Tris-HCl, pH 7.5, 1.5 M NaCl, 1 mM EDTA, 10 µM leupeptin and pepstatin, 1 mM aprotinin, 1 mM PMSF and 50 µM DTT). After centrifugation, the supernatant was dialysed against the same buffer with 150 mM NaCl and the protein content measured according to Bradford (23) . Proteins were separated on 16% polyacrylamide gels, transferred to Immobilon-P membranes (Millipore) and incubated with anti-human H3 histone antibodies. After washing, blots were incubated with peroxidase-conjugated secondary antibodies and revealed by chemiluminescence (Amersham). For determination of histone synthesis rate, 100 µg extracted total proteins were immunoprecipitated with antibodies for 15 h at 4_C in buffer (10 mM Na phosphate, pH 7, 150 mM NaCl, 0.1% Triton X-100, 0.5% Na deoxycholate, 0.1% SDS, 2% protein A-Sepharose and 200 µg/ml BSA). The precipitated proteins were analysed by 16% PAGE.
In vivo footprinting by the LMPCR method
The method described in detail for plant material (24) was used with some modifications. Fifty millilitres of cell suspension or 5 × 10 6 leaf nuclei isolated according to Curie et al. (25) were treated for 2 min at 20_C with 0.5% DMS. After extensive washes in ice-cold buffer, DNA was extracted according to Zimmermann and Goldberg (26) and purified on RPC5 columns as described (27) . As a control, naked genomic DNA was treated with DMS and the reaction stopped by precipitation. DMStreated DNAs were then cleaved with 1 M piperidine and recovered by lyophilization and ethanol precipitation. Two micrograms were used for first strand synthesis in 15 µl buffer [20 mM Tris-HCl, pH 8.9, 40 mM NaCl, 5 mM Mg(SO 4 ) 2 , 0.01% gelatin and Triton X-100, 0.2 mM dNTPs] with 10 nM first primer and 1 U Vent (exo -) DNA polymerase (Biolabs). After a 5 min denaturation step at 94_C, annealing was performed for 30 min at T m + 1_C, followed by extension for 10 min at 76_C. The linker was prepared as in Brignon et al. (24) . For linker ligation to the extended DNA fragments, 25 µl buffer (44 mM Tris-HCl, pH 7.5, 12 mM MgCl 2 , 30 mM DTT, 75 µg/ml BSA, 1.5 mM ATP, 2 µM linker, 2.5 U T4 DNA ligase) were added and the mix incubated for 20 h at 17_C. DNA was precipitated and then amplified in 16 cycles (1 min at 94_C, 2 min at T m + 5_C, 3 min at 76_C) in the Vent buffer with 1 U Vent polymerase, 2 mM dNTPs and 100 nM each second primer and long oligomer of the linker. One third of the reaction products were extended in 10 cycles with the end-labelled third primer. After extraction and precipitation, the amplified products were analyzed on standard 6% polyacrylamide gels and autoradiographed. The primers are shown in Figure 4a .
The promoter sequence of the BY2 H3 histone gene was established by genomic sequencing combined with LMPCR on genomic DNA cleaved according to Maxam and Gilbert (28) . Specific primers have been chosen in the partial 5′-region of a H3 histone gene previously isolated from a tobacco genomic library (unpublished data). The resulting sequence was confirmed by sequencing the complementary strand. The histone mRNA level (H3) was determined at the end of the treatment and in released mid S phase cells (S) by blot hybridization of total RNAs to an Arabidopsis H3 histone coding region. Similar patterns were found using a H4 probe. The blot was reprobed to a rDNA probe as a loading control (rRNA). Aϕ, aphidicolin 20 µg/ml; ddT, dideoxythymidine triphosphate 0.5 mM; M, mimosine 2 mM.
RESULTS
Induction of histone gene expression is coupled with initiation of DNA replication
In order to clarify the relationships between histone gene induction and the onset of DNA replication, we studied the effect of DNA synthesis inhibitors on H3 and H4 histone gene expression. Mimosine has been shown to block DNA synthesis by inhibiting deoxyribonucleotide metabolism (29) , whereas aphidicolin and dideoxythymidine triphosphate (ddTTP) affect the activity of specific DNA polymerases (30, 31) . Stationary phase BY2 cells were diluted into fresh medium in the presence of either inhibitor. After 24 h, the DNA synthesis rate and the steady-state amounts of histone mRNA were estimated ( Fig. 1) . In order to optimize the inhibition conditions, a range of concentrations were first tested for each inhibitor and the effect on cell viability determined. In no case did the inhibitor treatment affect cell viability by >5% and no mitotic figures were observed (data not shown). Concentrations of mimosine which almost completely blocked DNA synthesis also reduced the histone mRNA amount to a very low level (Fig. 1 ). As expected from their similar cellular targets, mimosine had an effect similar to that previously observed with hydroxyurea (19) . Although both aphidicolin and ddTTP significantly inhibited DNA synthesis, they did not have the same effect on histone mRNA accumulation. Whereas aphidicolin treatment resulted in a high mRNA level similar to that reached in S phase ( Fig. 1; 19 ), ddTTP significantly inhibited the accumulation of histone transcripts as compared with control cells.
Our previous results suggested that hydroxyurea and aphidicolin blocked progression of the cell cycle before and after the induction of histone transcript accumulation respectively (19) . Interestingly, the results obtained after ddTTP treatment suggest that ddTTP blocks progression of the cell cycle prior to aphidicolin. These results need to be linked to work on properties of DNA polymerases in plants (31, 32) . While aphidicolin has been shown to inhibit DNA polymerase α, the enzyme which initiates DNA replication in animal and yeast cells, it appears to have no influence on the corresponding plant enzyme, at least in vitro. Therefore, plant cells treated with aphidicolin are likely to be arrested at a step later than the initiation of DNA replication, probably at the elongation step, since aphidicolin is able to inhibit the plant counterpart of animal DNA polymerase δ (32). In contrast, ddTTP, being able to inhibit the plant counterpart of DNA polymerase α, is likely to block the cells just at or prior to the initiation step of DNA replication. This assumption is in agreement with the experimental results presented above and suggests that induction of histone gene expression temporally occurs in parallel with the initiation of DNA replication.
Histone gene expression is regulated at the transcriptional, post-transcriptional and possibly translational levels
The accumulation of H3 and H4 histone mRNAs under conditions of low DNA synthesis in aphidicolin-treated cells was rather surprising and might result from either sustained transcription or increased transcript stability or from a combination of both mechanisms. It also raised the question whether these mRNAs were translated, thus possibly leading to an overproduction of histones in the absence of newly synthesized DNA with which to associate. Such accumulation of histone mRNAs in the absence of DNA synthesis has also been observed when aphidicolin is re-added in the middle of S phase (19) . In order to dissect the mechanisms involved in the regulation of histone gene expression during the cell cycle and under conditions of perturbed DNA synthesis, we compared the mRNA steady-state levels with the transcription rate of the corresponding genes and with the synthesis rate of the histone proteins in aphidicolin-synchronized cells (Fig. 2) . In one sample, aphidicolin was re-added at mid S phase to a concentration previously shown to totally block DNA synthesis (19) . The gene corresponding to the A.thaliana translation elongation factor (EF-1α), which is known to be constitutively expressed throughout the cell cycle (33, 34) , was used as a reference for quantification of the blots. In stationary phase cells, H3 and H4 histone mRNAs as well as transcription rates were undetectable (Fig. 2b and c) . After the 24 h aphidicolin treatment, in the absence of any significant DNA synthesis, histone mRNAs accumulated to a high level, which could be connected to an active transcription rate (Fig. 2b and c, lane C0) . Histone transcript level as well as transcription rate peaked 1 h after the release from aphidicolin, thus showing that the histone mRNAs accumulated as a result of transcriptional activation. In the second part of S phase, however, the histone mRNA level and transcription rate decreased with different kinetics (Fig. 2b and c , lanes C3), the transcription rate being low (30% of the maximum) 3 h after release from the aphidicolin block while the mRNA level was still at a high level (70%). One hour later, at the end of S phase (lane C4), the mRNA level and the transcription rate were again roughly equivalent. These results suggest that a modification of mRNA stability occurs at the end of S phase between 3 and 4 h culture, leading to a rapid and selective degradation of the histone mRNAs. During the following phases of the cell cycle, histone transcriptional rate and transcript amount stabilized at a basal level which might correspond to the replication-independent activity already demonstrated for plant histone promoters (35) or to the expression of some replication-independent histone variants (36,37). As revealed by immunoblotting with an antibody raised against the human H3 protein, the total amount of histone H3 increased significantly during the 5 h after release from the aphidicolin block, corresponding to doubling of the genome (DNA and associated proteins), and remained constant during the subsequent phases of the cycle (Fig. 3a) . This variation in the total histone amount resulted from their rate of synthesis, as revealed by [ 35 S]methionine labelling and immunoprecipitation with the same anti-human H3 antibody (Fig. 3b) . Surprisingly, although the antibody only revealed H3 histones on the immunoblot of total proteins (Fig. 3a) , it was able to precipitate all classes of major histones (Fig. 3b) . It might be that at the ionic strength used for the immunoprecipitation experiments, the various histones still interact with each other and therefore co-precipitate with H3. Advantage could be taken of this particular fact to verify that all the core histones had the same pattern of synthesis during the cell cycle. After the 24 h aphidicolin treatment, histone synthesis was very low (lane C0), thus appearing unrelated to transcript amount. After release from the aphidicolin block, histone synthesis was high during S phase (lane C1) and then decreased to a basal level (lanes C4, C6, C12), thus mimicking the mRNA level.
Upon addition of aphidicolin at mid S phase, DNA synthesis quickly declined within 1 h to the basal level reached in the G2 phase of control cells (Fig. 2a, triangles) and no mitotic figures could be observed. However, both the histone mRNA amount and the transcription level remained very high (65-75% of the level in S phase) for at least 11 h (Fig. 2b and c, lanes Aϕ4-Aϕ12) . This result clearly shows that the maintainance of high steady-state levels of histone mRNA in the presence of aphidicolin is due to sustained gene transcription and not to an increase in mRNA stability. Under these conditions, although the histone mRNA amount was high, the amount of histone protein did not significantly increase as compared with control cells (Fig. 3a , compare lanes C6 and C12 with Aϕ6 and Aϕ12 respectively) and the translation rate remained at a basal level (Fig. 3b) . These results thus strongly suggest the existence of a post-transcriptional, possibly translational, control blocking the translation of histone mRNAs when DNA synthesis is interrupted.
Protein-DNA interactions in the promoter region of a histone gene remain essentially unchanged throughout the cell cycle
As shown above, induction of H3 and H4 histone gene expression at the G1/S transition is mostly due to transcriptional activation. In order to understand the molecular mechanisms involved in this transcriptional regulation, we studied the protein-DNA interactions in the promoter region of a histone H3 gene from BY2 at different phases of the cell cycle using the DMS/LMPCR in vivo footprinting method (38) adapted to plant material (24) . All the consensus motifs previously identified in plant histone gene promoters were found within 200 bp upstream from the typical TATA box of the H3 promoter (Fig. 4a) . Two copies of the so-called type I element composed of the hexamer ACGTCA motif paired with a reverse-oriented octamer CGCGGATC (5) were found at -87 and -191 from the TATA box, the more distal one having a degenerate octamer instead of the highly conserved octameric motif. Two sequences, CAACgcCCACG (-116) and CAACggCCACG (-50), had significant homologies with the nonamer (CC/AATC-CANCG) element. As in other plant histone promoters, these two sequences were closely linked with a CCGTCC (or CCGCTC) sequence respectively located 11 bp upstream or 16 bp downstream of the nonamer element. A CCAAT box-like sequence was also found just upstream from the CCGTCC sequence (-145).
The two type I elements displayed very similar footprints, suggesting that they interact with the same or very similar factors ( Fig. 4a and b) . The same holds true for the two copies of the CCGTCC hexamer. The two nonameric motifs, which differ by only one base difference, showed the same global reactivity towards DMS, but the relative intensities of the signals on the different G residues of the cis-element were slightly different, suggesting that the strength of the interactions are probably affected by the nucleoprotein environment of the complexes. Surprisingly, when studying the protein-DNA interactions at various steps of the cell cycle, no major modifications were found between S phase, when histone genes are transcribed, and the remainder of the cycle, when histone genes are not transcribed. Such results indicate that there is no transcription factor binding specifically to the promoter during S phase. It is thus likely that transcriptional induction of histone genes at the G1/S transition is mediated by a post-translational modification of a factor(s) already bound to the promoter. Otherwise, it is noteworthy that interactions seemed somewhat loosened during anaphase (Fig. 4b) . A similar observation has been reported in a study of human mitotic chromosomes by LMPCR, leading to the assumption that transcription complexes should be reformed de novo after each cellular division (39) .
Protein-DNA interactions in cells arrested by the DNA synthesis blocking agent aphidicolin either before or during S phase (Fig. 4b, lanes 0 and Aϕ) were identical to those observed in S phase cells, thus confirming the results obtained from run-on experiments showing that, although DNA synthesis is blocked, histone gene transcription nevertheless proceeds in aphidicolinarrested cells. Intriguingly, in stationary phase cells which do not express histone genes, the signals revealed over the cis-elements display only minor differences as compared with cells undergoing the cell cycle (Fig. 5) . The reason for this is unknown, but it can be hypothesized that stationary BY2 cells have not really exited the cell cycle and that the full complement of transacting factors are maintained bound to the histone promoter to ensure a rapid response to a potential re-entry into S phase. In contrast, only a few weak protections against DMS attack were detected in the non-cycling cells of fully expanded leaves, thus showing the quasi-absence of specific protein-DNA interactions on histone promoters in differentiated cells.
DISCUSSION
The data presented in this article obtained with a highly synchronizable BY2 tobacco cell suspension confirm previous observations showing that plant histone mRNAs specifically accumulate during the S phase of the cell cycle, as in animals and yeast (8, 9, 19) . Comparison between the H3 and H4 histone mRNA amounts, protein synthesis and transcription rate of the corresponding genes during the cell cycle showed that accumulation of histone mRNAs and proteins in S phase is essentially due to transcriptional induction. This mechanism of regulation is quite different from that acting in animal systems, where accumulation of histone mRNAs in S phase is only partly due to an increase in transcription rate and relies essentially on increased processing and stability of the transcripts (1-3) . This difference in the mechanism of regulation is likely to be related to the absence in the 3′-regions of plant histone genes of the palindromic and purine-rich motifs which are responsible for maturation of the non-polyadenylated animal histone messengers (1). However, by comparing the transcription rate and the mRNA amount, we provide evidence for the existence of post-transcriptional mechanisms acting on plant histone mRNAs at the end of S phase, leading to a rapid decay of the transcripts. This result confirms previous studies based on mRNA turnover measurements in the presence of transcription inhibitors (19, 20) . As such a rapid decay was not observed for reporter mRNAs transcribed from a construct containing a plant histone promoter but no histone terminator (9) , it can be assumed that the targets for selective destabilization at the end of S phase are located in the histone 3′-and/or coding region.
Considering the role of histone proteins in packaging DNA into chromatin, the synthesis of histones obviously needs to be tightly linked to DNA synthesis. Whereas in animals and yeast an arrest of DNA synthesis by aphidicolin or other blocking agents results in a dramatic drop in histone mRNA levels mediated by both transcriptional arrest and increased mRNA turnover, our results indicate that in plants, neither transcription of histone genes nor the transcript amount decrease upon a block in DNA synthesis. It has been previously postulated that the arrest of plant histone gene transcription is only dependent on signals connected to the natural completion of chromosome replication (19) . However, upon interruption of DNA replication some rescue mechanisms avoiding overproduction of histones relative to DNA are apparently acting at the translational level, since histone proteins are no longer synthesized from their mRNAs. One hypothesis accounting for this result could be autoregulation of histone synthesis by free histones present in the cytoplasm, preventing histone mRNA translation. Such a mechanism has already been proposed in animal systems to explain the degradation of histone mRNAs upon a replication block (1, 3) .
The mechanisms which couple the induction of histone gene transcription to the onset of DNA replication remain still largely unknown in any kingdom. The treatment of freshly subcultured BY2 cells with various inhibitors of DNA synthesis acting on different cellular targets allowed us to identify the timing of histone gene induction with respect to the onset of DNA replication. Hydroxyurea and mimosine inhibit synthesis of deoxynucleotides, the precursors necessary for DNA synthesis (29, 40) . The arrest in the cell cycle produced by these two inhibitors occurs before the induction of histone gene transcription. In contrast, aphidicolin, which was shown in vitro to inhibit the plant DNA polymerase responsible for elongation of DNA chains (31) , arrested the cycle after induction of histone genes. Under these particular conditions, it was apparent that the induction of histone gene transcription somewhat preceded the burst in DNA synthesis. Another inhibitor, ddTTP, which was shown to inhibit the plant DNA polymerase involved in initiation of DNA replication (31, 32) , did not allow the transcription rate of histone genes to reach a high level, thus preventing the mRNAs accumulating to the same level as in aphidicolin-treated cells. It can thus be concluded that induction of histone gene transcription at the G1/S transition takes place between two very close chronological steps, defined by the respective arrests caused by ddTTP and aphidicolin, and, hence, is temporally linked to the initiation of DNA replication. This time of induction is likely to be the same for most living organisms. However, such correlations could not be established before, because in mammals and yeast, aphidicolin inhibits both DNA polymerases and thus does not allow discrimination between the initiation and elongation steps of DNA replication (32) .
We investigated the evolution of DNA-protein interactions by LMPCR in vivo footprinting during the cyclic activation of histone gene transcription at the G1/S transition and in arrested cells. Protein binding was detected on three different motifs corresponding to cis-elements previously described for their conservation in plant histone promoters (4, 11) . These cis-elements, namely the nonamer CC/AATC-CAACG, the CCGTCC sequence and the type I element composed of the widely distributed hexamer ACGTCA paired with a reverse copy of the plant histone-specific octamer CGCGGATC, were repeated twice in the promoter as slightly degenerate forms. The in vivo protein footprints over the hexamer motifs in the two type I elements are quite similar to each other and to those previously observed in a maize H4 histone promoter (11) , suggesting that identical proteins exist in maize and tobacco. These in vivo footprints resemble the footprints of the bZIP factors HBP-1a and b observed in vitro over the same type I hexamer in a wheat H3 histone promoter (14) . The protein footprints over the octamer motifs seem somewhat less conserved between tobacco and maize, as well as between type I and type II promoters (11, 16) , which may indicate some fluctuations in the octamer binding protein family or some dependence of binding on the nucleoprotein environment. Globally, protein-DNA interactions did not vary greatly during progression through the cell cycle, thus indicating a constitutive interaction of transacting factors with the different cis-elements, regardless of the transcriptional activity of the gene. We therefore postulate that cyclic activation of histone gene transcription at the G1/S transition results from modified protein-protein and protein-DNA interactions over one or several motifs. As there is increasing evidence for cyclin/cdk (cyclin-dependent kinase) complex mediation of cell cycle regulation by phosphorylation of a variety of substrates, it can be proposed that the post-translational modification occuring on the histone promoter binding factor(s) at the G1/S transition might consist of a transient phosphorylation of a prebound factor by a specific cyclin/cdk complex. In keeping with this hypothesis, the nonameric element has been shown to bind nuclear proteins from BY2 cells in vitro and binding was dependent on phosphorylation (13) . The nonamer might thus be one of the targets for a cell cycle-dependent phosphorylation mechanism. Its involvement in conferring cell division-specific expression on a reporter gene in transgenic plants has been shown by functional studies of the cis-elements of plant histone promoters (16) . Our hypothesis of gene induction mediated by phosphorylation is further reinforced by recent results showing that the crucial cell cycle-specific phosphorylation regulators cdc2 and cyclin A contribute to the transcriptional complex interacting with human histone promoters (41, 42) . A completely different pattern of in vivo footprints was found in the differentiated cells of fully expanded leaves, where almost no interactions were found. This fact suggests that the transacting factors of the histone promoters are synthesized and/or bind to the promoters at the entry of cells into the cell cycle, at the transition G0/G1. Surprisingly, the footprints observed in stationary phase BY2 cells were only slightly weaker than those in G1, S and G2 cells, suggesting that these non-dividing cells have not really exited the cell cycle.
Taken together, the results presented in this paper suggest a two-step mechanism for histone gene induction in tobacco cells and allow the proposal of a regulatory model taking into account the timing of induction with respect to DNA replication. We postulate that transacting factors bind to the histone promoters at entry into the cell cycle, possibly resulting from de novo synthesis or post-translational modifications mediated by the cycle regulators present at this stage of the cell cycle, potentially cyclin D/cdk complexes, whose existence has recently been demonstrated in plants (43) . Then, phosphorylation of a factor(s) already bound to the promoter by a cyclin/cdk complex specific for the G1/S transition could modify the structure of the transcriptional complex and trigger histone gene transcription. Two tobacco type A cyclins recently identified are good candidates for belonging to this kinase complex, the first being induced slightly before and the second in parallel with the histone genes, at least at the transcript level (34) .
Since histone gene induction is concomitant with the initiation of DNA replication and since the cyclin A/cdk complex has been proposed to play a direct role in initiation of DNA synthesis by phosphorylating initiator proteins (44) , one therefore may postulate that transcriptional induction of histone and possibly a set of other genes at the G1/S transition and initiation of DNA replication may be physically interrelated by means of common factors, such as cyclins and cdks, or by a common multifunctional transcription-replication complex. This hypothesis is supported by data reporting co-localization of replication and transcription complexes, called 'factories' in early S phase cells (45) . More precise experiments also revealed the existence of replication origins in the regions surrounding several genes transcribed in early S phase, among which is a Physarum histone gene (46, 47) .
To check this model of a multifunctional complex, it will be crucial in the future to isolate the various transacting factors constituting the histone transcriptional complex and to investigate their potential involvement in the DNA replication process, and vice versa.
